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Imperialistic competition algorithm: Novel advanced approach to optimal sizing of hybrid power system Energy is vital to social and economic development. Increased energy demand and reduced fossil fuel resources led to use of renewable energy (RE) resources, whose intermittence and high investment cost spur research into optimal sizing of hybrid systems. Advancements in computer hardware and software enable solution of optimization problems through algorithms such as Genetic Algorithm (GA), Particle Swarm Optimization (PSO), etc. The recently introduced Imperialistic Competition Algorithm (ICA) has shown excellent capability in solving various optimization problems. This paper introduces it and shows its benefits to an optimal-sizing problem of a hybrid RE system. The results will be shown and the effect of changing optimization's parameters will be discussed. To test the potential of proposed algorithm for minimum cost solution finding, a comparison between ICA and PSO algorithm will be provided. Results show the advantage of using ICA algorithm to find a better optimum solution for hybrid power system. The world's fossil fuel resources steadily declined over the past decade. 1 This has become a strong reason for us to reduce our reliance on fossil fuels on top of the growing evidence of global warming, too.
2,3 Energy options that fulfill increasing demand but minimize environmental impact have thus become necessary.
Electricity generation by renewable energy (RE) sources is one way to overcome global warming and future shortage of energy. 4, 5 For effective and economical use of RE resources, optimal sizing is necessary. [6] [7] [8] Optimization generally makes something better. 9 For a function f(x), an argument x whose relevant cost is optimum (usually minimum) is needed. Therefore, the system is able to fulfill the requirements of power-reliability as the size optimization methods enable for lowest cost-maximum benefit investment and optimum usage of components in a hybrid power system.
Various methods have been considered for optimization problems. [10] [11] [12] [13] Some are computer simulations of natural processes. GA, for example, is a branch of evolutionary algorithm that evolves a population of candidate solutions to a specified problem; it uses operators that are inspired by natural selection and natural genetic variations.
14-17 Ant-colony optimization, which is inspired by the foraging of real ants, has solved optimization problems. [18] [19] [20] [21] [22] As Edward and Kennedy presented (1995), animal social behaviors such as flocking (birds) or schooling (fish), too, inspired Particle Swarm Optimization (PSO). 9 This algorithm, alone or in combination with other algorithms, is used often in finding the best optimization solution. 23 published works reported their use of and finding that PSO gives the best optimal results in power system optimization. 27, 28 This paper introduces Imperialistic Competition Algorithm (ICA) as a new evolutionary algorithm for global optimization. ICA is inspired by imperialistic competition and will here be used for the first time to find the optimal size of a hybrid power system that comprises three RE resources. It was first introduced by Atashpaz-Gargari and Lucas in 2007 and is the only algorithm based on human behavior and socio-political competition between imperialists. 29 It performed well in both convergence rate and global optimization. [29] [30] [31] ICA results are in this paper compared with those of PSO. A system that uses ICA will be shown to cost less than does a system that uses the algorithm of PSO.
The paper is organized as follows: a semi-comprehensive theory of the proposed optimization algorithm is first presented, followed by the proposed RE hybrid power system and its relative cost function. The simulation results and their comparison with the results for PSO are next presented, and conclusions drawn at the end.
II. THE PROPOSED OPTIMIZATION ALGORITHM
One fundamental principle of our world is to seek optimum state. Striving for perfection is a human trait. Maximum happiness for the least effort is desired, as is maximum profit for the lowest cost. Optimization is, therefore, one of the oldest sciences discovered to serve us. 32 The inspiration of ICA's strong optimization strategy came from the socio-political evolution of humans. The natural processes and aspects of species (especially human) evolution influenced the evolutionary optimization algorithms. The tool was discovered by mathematically modeling complicated political and historical process as this algorithm considers imperialism as a level of social evolutions for humans. 33 As with evolutionary algorithms, ICA starts with an initial population; here, countries. The best countries form the imperialists, the rest forms colonies. All the colonies of the initial population are divided according to imperialist's power. An empire's power (which is the counterpart of the fitness value in GA) is inversely proportional to its cost. Upon division, the colonies start migrating towards the imperialists (see Sec. II B for their movement).
Both the power of the imperialist country and the power of its colonies sum up the empire's power, defined by the power of an imperialist country plus the power percentage of its colonies. Upon imperialistic competition among the empires, the ones unable to succeed or increase their power (or at least prevent reduced power) are eliminated, gradually increasing power of the more powerful ones and collapsing the weaker ones. Movement of the colonies towards the imperialists during the competitions and the collapses is hoped to achieve convergence of all the countries to a state in which just one empire remained. Next described are the seven major steps of ICA.
A. Generating initial empires
The main aim of optimization is to seek optimal solutions for the variables of a problem, so an array from the values of the variables can be generated. Unlike GA terminology, which calls an array a "chromosome," the term "country" is used here. In an Nvar-dimensional optimization problem, a country is a 1 Â N variance array, Country ¼ ½x 1 ; x 2 ; x 3 ; :::; x n ;
(1) with n the maximum number of optimization variables. The variables of each country are floating-point numbers. The cost of a country equals the value of the function ƒ with variables (x 1 ; x 2 ; x 3 ; …; x n ). Then,
The optimization algorithm can begin by generating an initial population, i.e., N pop . Selecting N imp from the most powerful countries of N pop will form empires whereas the remaining N col population forms an empire's colonies. Countries can be either imperialist or colony. Division of colonies among imperialists is based on initial empire-forming power. An empire's preliminary number of colonies should be directly proportional to its power, so the normalized cost IC n of nth imperialist is
where ic n equals cost of nth imperialist, and term max i ficig shows the maximum cost value among the imperialists. The normalized power of each imperialist is calculated via
The equation results in IP n , which shows the portion of colonies that can belong to an imperialist. The preliminary number NC n of the colonies of nth empire will therefore be
with N col giving the number of all the colonies. To divide the colonies, NC n is randomly chosen for each imperialist and given to the proposed imperialist. Along with their related imperialists, these colonies will form nth empire. Figure 1 shows the initial population of each empire. It can be seen that bigger empires owns more colonies whereas the weaker empires have fewer. Imperialist 1 is shown to have formed the most powerful empire with the most number of colonies.
B. Moving colonies toward imperialists
Imperialist countries will expand their colonies. All the colonies are moved by v units towards the imperialists (see Figure 2 ). Dark color represents the new position of a colony whereas the direction of the movement represents the vector from the colony to the imperialists. The value of v is random with uniform or any proper distribution. Then,
where b is a number greater than l, d the distance between colonies and imperialist, and U the uniform distribution function. With b exceeding 1, the colonies thus approach imperialist state from both sides. The new position of the ith colony of the nth empire is
where col i n is the ith colony position of the nth imperialist, and I n the nth imperialist position. To expand the area of search to around the imperialist, a random amount of deviation to the direction of movement is added. Figure 3 shows the new direction, where h is a random number with uniform or any proper distribution. Then, h $ UðÀc; cÞ:
Here, c is a parameter that adjusts the deviation from the original direction. However, the values of b and c are arbitrary. Mostly, a value of about 2 for b and about p/4 (rad) for c gives good convergence to the global minimum of the countries. 34 Also, to find probable answers that are near the existing colonies, an action called "revolution" and similar to a GA mutation is performed. In order to perform this revolution, a random number of colonies will choose using random permutation function and then the selected colonies will be replaced with the new countries. New added countries have different positions and might be able to be colonies or even imperialist in their respective empire. This revolution prevents method from stuck up at a local minimum which is not the global optimum result. During position-change of the colonies, the cost of the new positions may be lower than those of the related imperialists, in which case the position of the colony and the imperialist should interchange, so the new positions continue the algorithm. Figure 4(a) shows the position exchange between a colony and its imperialist, dark color representing the best colony of the empire. This colony costs less than does its related imperialist. Figure 4(b) shows the whole empire post-position-exchange of the imperialist and the colony.
D. Empire power
The total power of an empire is affected mainly by the power of an imperialist country. Though negligible, the power of the colonies of an empire still affects the empire's total power. We modeled this by defining the total cost as TPn ¼ cos tðimperialistÞ þ n Â meanfcos tðimperialistic's coloniesÞg;
where TPn is the total power of the nth empire and n a positive number considered to be less than l. A little value for n causes the empire's total power to be determined by just the power of imperialist, whereas the role of the colonies in determining the empire's total power can be amplified by increasing it. Most times, n is 0.1.
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E. Imperialistic competition
All the empires will try to capture colonies from other empires and control them. The weaker empires thus get weaker and vice-versa. The modeling selects some or usually one of the weakest colonies of the weakest empires to cultivate competition among them for possession of the colonies. Figure 5 is the imperialistic competition model. Each of the empires attempts taking possession of the colonies according to its total power.
There is no guarantee, however, that the most powerful empires will possess the colonies, though the probability is high. To start the competition, the possessing probability of each empire is sought based on its total power. The normalized total cost is simply
with TP n and NTP n , respectively, the total power and the normalized total power of the nth empire. The possessing probability of each empire is thus, Vector P divides the colonies among the empires, the division based on possession probability
Next, a vector of the same size as P and whose elements are uniformly distributed in random number is created:
R ¼ br 1 ; r 2 ; r 3 ; …; r N imp c;
where r 1 ; r 2 ; r 3 ; …; r N imp are randomly generated numbers in (0, 1). Vector D can then be formed by just subtracting R from P,
Referring to vector D, we will hand the colonies mentioned to an empire whose relevant index in D is maximum.
F. Eliminating powerless empires
The powerless empires will collapse in the imperialistic competitions. Various criteria can be defined for the collapse mechanism. This paper assumes an empire to collapse upon losing all its colonies.
G. Convergence
After the imperialistic competitions, all the empires except the most powerful one collapse and all the countries they possess become colonies of that empire. The algorithm then stops. The main steps in the algorithm are summarized in pseudo-codes:
• Some random points on the function are selected to initialize the empires.
• Colonies are moved towards their related imperialists (assimilation).
• If there is any imperial colony that costs less than does the imperialist, the colony and the imperialist exchange positions. • The costs of all the empires are calculated.
• The weakest colony is chosen from the weakest empire and given to the empire that has the highest probability of possessing it (imperialistic competition).
• Powerless empires are eliminated.
• If there is just one empire, the algorithm ends, else it proceeds to step 2.
III. IMPLEMENTING ICA IN OPTIMAL SIZING PROBLEM OF HYBRID POWER SYSTEM
The intermittent nature of the renewable power resources as well as their un-programmable behavior leads to pushing power system from utilizing single renewable resource to a hybrid of renewable resources. The power system which is utilizing multiple renewable resources is called hybrid power system. This recent increase in the integration of various renewable energy sources into the electrical power system has led to the development of a methodology for the optimal use of these resources within the energy power system that takes into consideration the variability of these resources.
In order to efficiently and economically utilize the hybrid renewable energy power systems, one optimum match design sizing method is necessary. The sizing optimization method can help to guarantee the lowest investment with adequate and full use of each renewable resource, so that the hybrid system can work at optimum conditions in terms of investment and system power reliability requirement. To do so, in the first step, the generation of each resource in the hybrid power system during the period of optimization should be determined. The second step would be finding which combination and how many percentages of each resource can lead to achieve both minimum investment and meeting the demand. In other words, the best sizing of each generation resources that can lead to minimum investment per Kilowatt while able to cover all constraints is the objective of the optimization problem. To find the optimal size of each renewable energy resources, different optimization algorithm can be used.
The implementation of this algorithm in a hybrid power system consisting of wind, Photovoltaic (PV), and fuel cell is to determine the capability of the proposed optimization algorithm in solving hybrid power system optimization issues and to measure its performance comparing with other optimization algorithm.
Pulau Perhentian, a popular tourist spot at east of Malaysia, with peak electrical power demand of 1450 kW was chosen as a pilot for the understudy hybrid power system. The system's generation relies on weather conditions, so it is non-constant owing to intermittent wind and solar which must meet the load demand. The main challenge in configuring a hybrid system is in achieving the optimal sizing for each resource and minimizing the system's net cost price (which comprises costs of investment, replacement, operation, and labor).
The objective function for hybrid power system is as follows:
where i represents the number of units for the wind, solar, and fuel-cell generators. Minimizing cost function while meeting all constraints is the objective function of the proposed hybrid power system. ICA will find for each resource the optimal size that minimizes the objective function
There are several constraints to the proposed objective function which are due to the limits in the size of each unit and the total number of units installed or can be purchased and reliability issues etc.
To discover whether the constraints are met, the power generated by the number of the hybrid system's resources as suggested by ICA was run for all hours (8760 h) in the year and with real wind speeds and the solar radiations of the case-study plant. If the constraints were unmet, the ICA-suggested results were not accepted even if they produced minimum cost to the system. The optimization procedure is then repeated until the optimum solution is found.
IV. SIMULATION RESULTS AND COMPARISON
ICA was tested in the hybrid system. The chosen modules for each generator as well as their average cost are listed in Table I . It should be taken into consideration that the mentioned price for each generation resource is the total cost for the respective generation system, i.e., 4870 $/kW capital cost for PV system is the capital cost for PV module as well as converter, Maximum Power Point Tracking control system, and so on. Table II shows the Wind speed and solar radiation based on metrological information for Pulau Perhentian Island. Table III lists the optimal parameters of the ICA, obtained through several runs of the hybrid system.
Based on the input data of wind speed and sun radiation (Table II) , the program will determine the generation of each single module of PV cells and wind turbine. The numbers of optimization variables are defined for the optimization program as 5 variables which are the number of PV modules, wind turbine, fuel cell stuck, and the size of hydrogen tank and electrolyzer. On top of that, the acceptable maximum and minimum number of each optimization variable should be set for the optimization proposal. ICA optimization program starts to make 100 countries (refer to Table III) as initial population where each country is an array with 5 elements ([x1, x2, x3, x4, and x5] as described in Eq. (1)) and each Xn is the optimization variables that was previously described. Since the number of empires are set as eight (Table III) , ICA program allocates the created hundreds of countries to eight empires based on Eqs. (3)-(5). The most powerful country in each empire is called imperialist and the rest are colonies. In this stage, ICA optimization algorithm is ready to start the optimization procedure based on the competition between empires.
When some colonies are in a powerful empire, they move, in several iterations, toward their imperialists. If the position of the imperialists does not change after consecutive iterations, the colonies then become too close. They therefore lose their search capability, and, until their position changes, the execution just lengthens. 35 This is a drawback overcome by setting, to higher values in (p/4, p/2), a parameter that adjusts the deviation from the original direction. At the end of the optimization procedure, the output of the ICA optimization program is a vector with five elements, which is the most powerful country and can translate as the best configuration for hybrid power system with the minimum capital investment while all of the constraints and load can be met.
A. Effect of increasing population on the optimal result Figure 6 , showing the convergence of ICA for 20, 50, and 100 initial countries, also shows how optimality is affected by the number of initial countries. Table IV compares against those numbers of initial countries, the minimum costs, and mean execution times of the hybrid system. Figures 7 and 8 show how changing the b value affects the system cost.
The calculated best number for each component in the hybrid power system with different settings for initial number of countries is summarized in Table V. As can be seen from Figure 6 , increasing the number of initial countries from 20 to 100 is shown to noticeably improve the convergence and the mean operation cost but lengthened execution because the increased number of countries let the optimization algorithm seek more space (so the probability of better solving the optimization problem increases). Further increases in the number of initial countries only lengthen the solution time; the convergence does not improve as much and neither does the mean operation cost. Properly initializing all the optimization algorithms directly affects their optimum level and their execution time. For ICA, one of the more important parameters (after number of population) that can improve the final result or the execution time is the proper setting of the b value (see Sec. II for the role of b in ICA algorithm). To seek the best b value, it is changed on an interval between 1 and 6 for two settings of ICA algorithm on the same hybrid system. Table VI lists the settings.
For the system with 30 initial countries, the best value for b was 2; while for 60 initial countries, the best b value was 1.5. The relationship between b value and the population number can be found in Eq. (6) . The fewer the number of countries and the greater the b value, the more probable answers will be sought from the search space. The more initial countries, the less the effect of greater b value. The best b value for various numbers of countries in optimizing the hybrid system was between intervals 1 and 3. The interval, however, may change with changes to the optimization system.
C. Comparing ICA with PSO
Among optimization algorithms and according to Refs 27 and 28, PSO algorithm has the best solution for hybrid systems. Table VII lists the variables of the PSO algorithm. Figure 9 shows the cost of a hybrid system with PSO algorithm. For parallel comparison, the ICA's number of initial countries and number of decades were, respectively, set on the PSO algorithm as the number of population and the number of generation.
The PSO algorithm was implemented in a 2 GHz Intel Pentium IV CPU with 512 MB RAM previously used for implementing the ICA. Table VIII shows that compared with PSO algorithm, ICA is better able to find the best qualifying solutions.
V. CONCLUSIONS
This paper suggests a new evolutionary algorithm known as ICA for solving the sizing optimization problem of hybrid power systems. The problem is assumed a real feasibility problem by considering constraints and by using real data as input parameters.
A new tactic for creating the initial population has been introduced. The effect of various algorithm variables on sizing optimality was investigated. It was shown that since the number of countries and search space are proportional, so increasing the number of countries leads to finding a better optimum result. However, this also leads to the increase in execution time. Furthermore, the relationship between b value and the population number explains how to tune the optimization program with the best value for b based on the number of population. The effectiveness of ICA was proven by imposing the algorithm for one year in the hourly operation of a hybrid power system. Numerical results obtained for ICA and for PSO algorithm show ICA to be better at finding high-quality solutions within reasonable time.
